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Introduction
Mesoporous alumina has attracted much interest due to its applications in many fields of science, and for this reason many efforts were focused to produce alumina with tailored properties. Alumina is one of the most widely used supports in heterogeneous catalysis and has good properties for pollutants sorption [1] [2] [3] [4] . However, mesoporous alumina produced by the sol-gel method in the presence of different templates has relatively poor thermal stability. This problem was overcome by a hydrothermal treatment [5, 6] or by incorporation of alkaline or alkaline-earth ions in alumina structure [7, 8] . Mesoporous alumina can be prepared by sol-gel, precipitation, or reverse microemulsion methods in the presence of different soft (soluble organic molecules) or hard (insoluble polymers or carbon) templates [1, 7, 9, 10] . Usually, the sol-gel procedures involve a controlled hydrolysis of aluminum alkoxide in an organic solvent with a stoichiometric amount of water, in the presence of a template that determines the formation of two forms of mesostructured alumina: one form with wormhole channels with amorphous walls and low thermal stability that is produced by self-assembling of Keggin species in the presence of anionic surfactant [9] , and the other form with a scaffold-like structure obtained when a non-ionic surfactant is used in the synthesis [10] .
During the alkoxide hydrolysis or inorganic salts precipitation at high pH, a deprotonation process of aluminum hydroxide with [Al(OH)(H 2 O) 5 ] 2+ formation occurs. These cationic species suffer condensation and water loss with dimer or polymer species formation. Depending on the hydrolysis reaction and aging conditions, the most common forms of aluminum hydroxide and aluminum oxyhydroxide that occur are bayerite, gibbsite, boehmite, as well as pseudo-boehmite (a boehmite form with high water content). In all these species, Al 3+ ions are coordinated by oxygen and/or hydroxide ions in an octahedral geometry and these octahedrons form layers that are linked by hydrogen bonds. It was reported [11] that the boehmite -γ-alumina transformation occurred at 550°C, when aluminum sec-butoxide was used as the aluminum source and magnesium stearate was used as the template. The calcined powder presented specific Mesoporous alumina has many environmental applications as catalysts support and adsorption or separation material. We studied the synthesis conditions for the mesoporous alumina formation from aluminum isopropoxide in the presence of anionic (lauric and stearic acid), cationic (cetyltrimethylammonium bromide, CTAB) and non-ionic (triblock poly(ethylene oxide)-poly(propylene oxide)-polyethyleneoxide, P123) templates. The X-ray diffraction data show that the alumina mesophases obtained at 550°C in the presence of fatty acids or P123 have amorphous walls, whereas the samples prepared at 500°C by using CTAB, in alkaline medium are crystalline with a γ-alumina structure. The solvothermal treatment caused the alumina mesophase with crystalline walls to be obtained at 550°C. The samples were investigated by nitrogen adsorption-desorption isotherms and scanning electron microscopy. The obtained alumina mesophases have specific surface areas in the range of 300-450 m 2 g -1
, narrow pore size distribution, and different morphology depending on the template used in the synthesis.
surface area values in the range of 219-311 m 2 g -1 , and 0.2-0.31 cm 3 g -1 pore volume. Kim et al. [12] studied the mesoporous alumina that was obtained by the solgel method, using Al(sec-BuO) 3 and stearic acid as the template, at molar ratios Al 3+ : stearic acid, 0.1 -0.25, and 24 h aging time. For 0.15 -0.20, Al 3+ : stearic acid molar ratio, 376-380 m 2 g -1 specific surface area and narrow pore size distribution centered at 4 nm, were obtained.
Unlike silica, for organized mesoporous alumina, the role of the surfactant was less defined in the pores formation and its size control. This work presents a comparison of different synthesis procedures of alumina mesophase in the presence of several templates and evaluates their reproducibility and the role of the template in the pores array formation, as well as its effect on the morphology of alumina samples.
Experimental procedure
Mesoporous aluminas were obtained by the sol-gel method using aluminum isopropoxide. All the chemicals were purchased from Sigma-Aldrich. Stearic acid (C 17 H 35 COOH) and lauric acid (C 15 H 31 COOH) as anionic surfactant, triblock poly(ethylene oxide)-poly(propylene oxide)-polyethyleneoxide (EO 20 PO 70 EO 20 , P123) as nonionic porogen and cetyltrimethylammonium bromide (CTAB) as cationic surfactant were used as templates. The hydrolysis reactions, in acidic or neutral medium, were performed in an inert atmosphere to avoid uncontrolled hydrolysis of aluminum alkoxide. Procedure 1. Aluminum isopropoxide was dissolved in a mixture of ethanol -isopropyl alcohol at 60°C, at a molar ratio Al 3+ : ethanol : isopropyl alcohol 1 : 8 : 6 (solution 1). Separately, stearic (SA) or lauric (LA) acid was dissolved in isopropyl alcohol during heating and added to solution 1. The hydrolysis reaction was performed at 60°C, under stirring by slowly adding a water-alcohol mixture and which corresponded to a molar ratio, Al 3+ : water : isopropyl alcohol, 1 : 3.1: 31. The resulted suspension was stirred for an additional 24 h. Different molar ratios of aluminum isopropoxide: stearic acid, 1 : 0.2 (SA 0.2), 1 : 0.3 (SA 0.3) and 1 : 0.6 (SA 0.6) were used. The precursor was separated by filtration, washed several times with warm alcohol and air dried for at least 24 hours. Alumina samples were obtained by calcining the precursors in air, at different temperatures and durations, with a heating rate of 1º min -1 . Procedure 2. The synthesis of alumina in the presence of CTAB as the template and triethanolamine (as the coordination agent and hydrolysis retarding compound) was performed according to Ray [5] whereby aluminum isopropoxide and isopropyl alcohol were used as aluminum source and solvent, respectively. The resulting gel was filtered off, washed several times with warm ethanol and water and then air dried for 24 h. The as-prepared alumina precursor was calcined in air at 500 -600°C for 4 h, with a heating rate of 1º min -1 . Procedure 3.
Aluminum isopropoxide was dissolved in a mixture of ethanol and isopropyl alcohol (solution 1). Separately, P123 was dissolved in isopropyl alcohol (0.042 M concentration) during heating and added to solution 1. The resulting mixture was maintained at 60°C under stirring and in an inert atmosphere for 2 h. The hydrolysis was conducted as in procedure 1 at a molar ratio of Al 3+ : H 2 O : P123, 1 : 2 : 0.05. The suspension was stirred at room temperature for 16 h and aged for 4h, without stirring. The solid that was obtained was filtered off, and the surfactant was removed by Soxhlet extraction in ethanol. The precursor was calcined in air at 550 -600°C, 5 h with a heating rate of 1º min -1 . Procedure 4. The starting materials and the hydrolysis reaction conditions were identical as in procedure 3, but after the hydrolysis and aging steps, the reaction mixture was solvothermal treated at 200°C, 15 atm (in Ar) for 4 h. The white solid product was filtered off, washed with ethanol and air dried at room temperature for 24 h. The oxide sample was obtained by calcining the precursor at 550 -600°C, 5 h, with a heating rate of 1° min -1 . Alumina precursors were investigated using FTIR spectroscopy on the Bruker Tensor 27 and the thermal analysis (DSC-TG) was conducted on the Setaram SETSYS Evolution. The crystalline phase evolution was studied by powder X-ray diffraction (XRD) using a Rigaku Miniflex II diffractometer with Ni-filtered CuKα radiation. Low angle X-ray diffraction analyses were performed on Rigaku SmartLab equipment with a rotating anode. Nitrogen adsorption-desorption isotherms were measured at 77 K on Micromeritics Gemini V instrument. The specific surface area values were determined applying the Brunauer-Emmet-Teller (BET) equation, and the pore size distribution was estimated applying the Barrett-Joyner-Halenda method from the adsorption branch. Electron microscopy images of the samples were collected on the Tescan Vega III scanning electron microscope and the Tecnai G2 F30 S-TWIN high resolution transmission electron microscope.
Results and discussion
Alumina precursors were investigated by FTIR spectroscopy, thermal analysis and powder X-ray diffraction. The FTIR spectra of all precursor samples (Fig. 1) present a large, intense band within the 3200-3600 cm -1 range that was assigned to the presence of -OH groups associated by hydrogen bonds, a sharp peak at 1640 cm -1 corresponding to the bending mode of adsorbed water molecules, as well as the characteristic vibrations of metal-oxygen bonds, at 550 cm -1 (Al-O) and 635 cm -1 (Al-O-Al). In the FTIR spectra of the precursors obtained in the presence of CTAB (Fig. 1a) and P123 (Fig. 1c) , the absence of -CH 2 -group characteristic vibrations was observed in the range of 2800-2900 cm -1 which demonstrated an efficient removal of the template agent through washing and extraction in ethanol, respectively. The precursors that were synthesized in the presence of stearic or lauric acid showed that the surfactant could not be removed even in boiling alcohol. The bands of the symmetric and asymmetric stretching vibrations of carboxylate ion, (ν s (CO)=1411 cm -1 and ν as (CO)=1562 cm -1 ) and the bands of -CH 2 -groups:
were observed (Fig. 1b) . This may be because of a strong interaction between the carboxylic groups and aluminum ions proved by the absence of the band from 1700 cm -1 (characteristic to free carboxylic acid) and the shift of the carboxyl group vibrations. Also, in the FTIR spectra of precursors obtained in the presence of fatty acids, the band from 1074 cm -1 assigned to Al-OH bonds were less intense than for the precursor obtained in the presence of CTAB and P123, respectively [4, 13, 14] . Moreover, the vibration from 883 cm 7+ ion were observed (Fig. 1b) . Caragheorgheopol et al. [15] have reported that lauric acid bind to aluminum species in the first hydrolysis stages and remain bound in the final hydrolysis product. Our FTIR results correlated with XRD data of the precursor and calcined samples at different temperatures prove the existence of strong bonds between long chain carboxylic acids and aluminum species that hinder the crystallization of γ-Al 2 O 3 at low temperature.
The DSC curve of the precursor synthesized in the presence of stearic acid (Fig. 2) presents four endothermic effects assigned to the solvent removal from the pores, and the thermal decomposition of the template in steps (completely eliminated at 514°C) associated to a weight loss of 46.3% on the TG curve. The complete removal of stearic acid is confirmed by the FTIR spectra of the sample calcined at 500°C, 4 h (Fig. 3, dashed curve) . In the FTIR spectra of calcined alumina samples (Fig. 3) , a decrease of the intensity of the vibration from 1074 cm -1 assigned to δ(Al-OH) is observed, as well as the appearance of a band at FTIR spectra of Al 2 O 3 samples obtained at 500°C, 4h from P123-based precursor (red curve) and and stearic acid (blue dashed curve).
Influence of different templates on the morphology of mesoporous aluminas 3800 cm -1 that corresponds to the Al-OH groups with aluminum ions in octahedral geometry [16] .
The alumina sample prepared in the presence of CTAB and calcined at 500°C for 4 h has a crystalline γ-Al 2 O 3 structure with cubic symmetry (ICDD 29-0063) as XRD patterns proved (Fig. 4) . The samples obtained in the presence of fatty acids (irrespective of the molar ratio, Al 3+ : fatty acid) or P123 have amorphous walls up to 550°C, and the crystalline γ-Al 2 O 3 phase is formed at 600°C (Fig. 5) . The precursor obtained in the presence of CTAB has a pseudo-boehmite like structure as revealed by XRD data (Fig. 4) and which is in agreement with the data reported by Kim [13] . The precursors prepared according to procedure 1 have a bayerite structure (not shown) with a short aging time (up to 6 h), which is transformed in pseudoboehmite, besides other unknown phases at long aging treatments (Fig. 5a) . The structure of the precursor obtained in the presence of P123 is quite similar with those prepared by using fatty acids as template (Fig. 5b) . When a solvothermal treatment was applied to the alumina precursor synthesized in the presence of P123, the crystallinity of the samples was improved; the characteristic peaks of γ-Al 2 O 3 can be noticed in the XRD pattern of the sample obtained at 550°C (Fig. 6  inset) . The samples prepared in the presence of P123 and solvothermal treated present a single low angle diffraction peak characteristic to alumina mesophase, with higher intensity than the one of aluminas synthesized by using SA template, featuring organized mesopores array (Fig. 6) . The samples obtained in the presence of CTAB didn't exhibit such peak in the low angle X-ray diffraction analyses. The nitrogen adsorption-desorption isotherms of the samples prepared in different conditions present characteristic hysteresis loop as a result of capillary condensation, indicating mesoporosity (Fig. 7) . Alumina samples have relatively narrow, unimodal pore size distribution calculated from N 2 isotherm adsorption branch (Fig. 7 insets) . It is clear that the average pore size depends on the type of template, the samples prepared in the presence of P123 having the largest average pore size of 6.5 nm. This is a higher value than the one reported by Øye [6] for a similar system, indicating that the hydrolysis and aging conditions are also important for the pore size and structure formation. Recently, Wu et al. [17] reported the obtaining of alumina with large pore size and hierarchical structure when P123 as porogen, and 1,3,5-trimethyl benzene as swelling solvent were used. In the range of 0.8 -1 p/p 0 , the isotherms indicate textural porosity generated by the presence of some macropores formed between non-crystalline intra-aggregates, which is more significant for the samples prepared in the presence Low angle X-ray diffraction data of the sample prepared in the presence of P123 and solvothermal treated (inset, the corresponding wide angle XRD data), in comparison with the sample synthesized with SA as template.
of fatty acids. Table 1 summarizes the experimental conditions and the textural properties of the prepared alumina mesophases. Although, the highest values of the BET specific surface area values have been obtained when stearic acid was used as template, the thermal stability of these samples is poor, the specific surface area values decrease sharply with the calcining temperature increasing. Lower specific surface area values and larger pore size distribution were obtained when alumina was synthesized using lauric acid as template than for the stearic acid. The mesophase obtained in the presence of P123 has the highest thermal stability. The SEM investigation proved that alumina samples present different morphology depending on the template used in the synthesis. The lowest tendency of the fine particles agglomeration was noticed when the syntheses were performed in the presence of stearic acid. The samples showed spherical agglomerates of 50-100 nm, formed by spherical particles in the range of 5-7 nm as TEM investigation also illustrated (Fig. 8) . The CTAB used in the synthesis led to a high degree of aggregation with the formation of agglomerates with irregular shape and micrometric size and which contained primary particles of 12 nm average size (Fig. 9) . Alumina prepared in the presence of P123 formed spherical, interconnected agglomerates, which contained 4 or 5 particles of 4-5 nm diameter (Fig. 10a) . The solvothermal treatment did not affect the size and shape of primary particles, which were small (5 nm average size), spherical and had narrow size distribution; however, some differences were observed at the micrometer level by the SEM investigation. A higher degree of aggregation, with the formation of polyhedral, spherical, and irregular platelet agglomerates in the range of 2-6 μm were noticed when a solvothermal treatment was applied (Fig. 10b) .
Conclusions
We synthesized and characterized a series of alumina mesophases by applying four different procedures. The cationic and non-ionic templates were removed from the precursors by washing or extraction in alcohol, whereas the anionic ones, only by calcination. Alumina mesophases obtained in the presence of fatty acids were less crystalline and presented poor thermal stability than the other samples. The higher thermal stability of alumina mesophase was obtained when P123 was used as a structure directing agent. The solvothermal treatment induced a crystallisation of alumina walls at lower temperature. When CTAB was used as a template, crystalline alumina mesophase, at the lowest temperature, was obtained. In this case, the hydrolysis of aluminum isopropoxide in alkaline medium was very slow. Stearic acid and P123 led aluminas to be obtained which presented a low angle diffraction peak characteristic to organized mesoporous alumina. The morphology of samples was very different and depended on the template used for the synthesis procedure. Although CTAB led to a crystalline γ-Al 2 O 3 formation at the lowest temperature of 500°C, the particle size and the agglomeration degree of primary particles were higher than for the other templates. All alumina samples exhibited specific surface area values exceeding 300 m 2 g -1 and narrow pore size distributions.
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